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ABSTRACT

Eukaryotic ribonuclease (RNase) P and RNase MRP are closely related ribonucleoprotein complexes involved in the metabolism
of various RNA molecules including tRNA, rRNA, and some mRNAs. While evolutionarily related to bacterial RNase P,
eukaryotic enzymes of the RNase P/MRP family are much more complex. Saccharomyces cerevisiae RNase P consists of
a catalytic RNA component and nine essential proteins; yeast RNase MRP has an RNA component resembling that in RNase P
and 10 essential proteins, most of which are shared with RNase P. The structural organizations of eukaryotic RNases P/MRP are
not clear. Here we present the results of RNA–protein UV crosslinking studies performed on RNase P and RNase MRP
holoenzymes isolated from yeast. The results indicate locations of specific protein-binding sites in the RNA components of
RNase P and RNase MRP and shed light on the structural organizations of these large ribonucleoprotein complexes.
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INTRODUCTION

RNA-based RNase P is a ribonucleoprotein complex found
in practically all organisms (Altman 2010). RNase P is
universally responsible for the maturation of the 59 end of
tRNA and is involved in the metabolism of a variety of
other RNA molecules (Coughlin et al. 2008; Altman 2010;
Marvin et al. 2011a); in addition, human RNase P was sug-
gested to play a role in transcription (Reiner et al. 2006,
2008). The well-conserved RNA component of RNase P
(Chen and Pace 1997) is the catalytic subunit of the enzyme
in all domains of life (Guerrier-Takada et al. 1983; Pannucci
et al. 1999; Thomas et al. 2000; Kikovska et al. 2007; Li et al.
2009). The protein composition of RNase P varies: While
bacterial enzymes have a single small protein (Stark et al.
1978), archaeal RNases P have four to five proteins (Hall
and Brown 2002; Cho et al. 2010), and eukaryotic RNases P
contain a large multicomponent protein part (nine essential
proteins in Saccharomyces cerevisiae; for review, see Marvin
and Engelke 2009; Esakova and Krasilnikov 2010).

RNase MRP (Chang and Clayton 1987a,b; Karwan et al.
1991) is a site-specific endoribonuclease closely related to
eukaryotic RNase P, but with a distinct substrate specificity
(Esakova et al. 2011). RNase MRP is an essential ribonu-
cleoprotein complex found exclusively and universally in eu-
karyotes (Piccinelli et al. 2005). While RNase MRP was orig-
inally identified as a mitochondrial enzyme involved in the
processing of RNA primers in mtDNA replication, later
studies have demonstrated that the vast majority of RNase
MRP is localized to outside the mitochondria (Chang and
Clayton 1987a; Karwan et al. 1991; Gill et al. 2006 and ref-
erences therein); moreover, the protein composition of mi-
tochondrial RNase MRP is distinct (Lu et al. 2010).

Outside the mitochondria, RNase MRP was shown to
participate in the maturation of the 59 end of 5.8S rRNA
(Schmitt and Clayton 1993; Chu et al. 1994; Lygerou et al.
1996a); recent data indicate that RNase MRP may be in-
volved in other steps of rRNA maturation (Lindahl et al.
2009; Schneider et al. 2010). In addition, RNase MRP was
shown to be involved in the regulation of the cell cycle in
yeast by cleaving the 59 UTR of Cyclin B2 mRNA (Cai et al.
2002; Gill et al. 2004, 2006).

The RNA component of RNase MRP (Lopez et al. 2009)
contains a part closely resembling the catalytic domain of
RNase P. This strongly suggests that, similar to RNase P,
RNase MRP relies on its RNA moiety for catalysis (for re-
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view, see Esakova and Krasilnikov 2010). The protein
composition of RNase MRP is also very similar to that of
RNase P. S. cerevisiae RNase P has nine essential protein
components: Pop1, Pop3, Pop4, Pop5, Pop6, Pop7, Pop8,
Rpp1, and Rpr2 (for review, see Esakova and Krasilnikov
2010). All of these proteins, except for Rpr2, are also found
in RNase MRP (Chamberlain et al. 1998). Yeast RNase
MRP has 10 known protein subunits: in addition to pro-
teins found in RNase P, RNase MRP has two essential pro-
teins: Snm1 (Schmitt and Clayton 1994) and Rmp1 (Salinas
et al. 2005).

The structural organizations of eukaryotic RNase P and
RNase MRP and the roles of their individual parts are not
clear. High-resolution structural information is available only
for the P3 RNA subdomain of RNases MRP/P in a complex
with protein components Pop6 and Pop7 (Perederina et al.
2010a,b). The eukaryotic P3 RNA subdomain was sug-
gested to act as a protein-binding hub that played an im-
portant role in the evolutionary transition to the protein-
rich eukaryotic RNases P/MRP (Ziehler et al. 2001; Perederina
and Krasilnikov 2010).

Structures of all archaeal RNase P proteins (without any
RNA) have been determined (for review, see Esakova and
Krasilnikov 2010). The proteins found in archaeal RNase P
(aPop4 [Rpp29], aRpr2 [Rpp21], aRpp1 [Rpp30], aPop5,
and aPop3) have homologs in eukaryotic RNase P and
RNase MRP (Jarrous and Gopalan 2010), making their
structures relevant to the eukaryotic enzymes, although eu-
karyotic proteins tend to be larger. Aside from the structure
of the P3 RNA subdomain in a complex with Pop6 and
Pop7 (Perederina et al. 2010b), no relevant high-resolution
information on RNA–protein interactions in eukaryotic RNases
P/MRP is currently available.

RNA–protein interactions in eukaryotic RNases P/MRP
have been studied using pull-down, three-hybrid, UV-cross-
linking, and footprinting assays, mostly in the context of par-
tially assembled complexes (Pluk et al. 1999; Jiang et al. 2001;
Houser-Scott et al. 2002; Welting et al. 2004, 2007; Aspinall
et al. 2007; Perederina et al. 2007, 2011; Esakova et al. 2008;
Reiner et al. 2011); however, the structural organizations of
eukaryotic enzymes of the RNase P/MRP family—in partic-
ular, the locations of the binding sites of individual proteins
on RNA—remain unclear.

To clarify the locations of the individual protein com-
ponents of S. cerevisiae RNase P and RNase MRP on the RNA
components, we performed a UV-crosslinking study of RNA–
protein interactions in the context of fully assembled, active
RNase P/MRP holoenzymes isolated from yeast.

RESULTS

To determine the locations of the UV-crosslinking sites on
the RNA components of RNase P and RNase MRP ho-
loenzymes, the holoenzymes were isolated from 11 yeast
strains, each containing a histidine tag fused to one of the

11 RNase P/MRP protein components (shared RNase
P/MRP proteins Pop1, Pop3, Pop4, Pop5, Pop6, Pop7,
Pop8, and Rpp1; RNase P protein Rpr2; RNase MRP
proteins Snm1 and Rmp1). The TAP tag (Rigaut et al.
1999), which was fused to the protein component Pop4
found in both RNase P and RNase MRP, was used as the
purification handle for the holoenzymes, allowing for
a simultaneous isolation of RNase P and RNase MRP as
an z1:1 mixture (Esakova et al. 2008).

Following the isolation of holoenzymes, the RNase
P/MRP mixture was subjected to UV irradiation, the holo-
enzymes were disassembled under denaturing conditions,
His-tagged proteins of interest with covalently attached
crosslinked RNA were pulled down using a metal affinity
resin, and the RNA that was crosslinked to the protein of
interest and copurified with it was treated with Proteinase
K, extracted with phenol, and analyzed for the locations of
the crosslinks to the protein of interest using primer ex-
tension. The primers used in the primer extension were
specific to either RNase P or RNase MRP RNAs; for details,
see Materials and Methods. To help distinguish between
RNA–protein and RNA–RNA crosslinks, RNA was phenol-
extracted from isolated samples of RNase P and RNase MRP
holoenzymes, subjected to UV irradiation, and used as a
negative control. Additionally, the locations of the RNA–
RNA crosslinks did not depend on the specific protein used
to pull down crosslinked RNA, allowing for easy and reliable
differentiation between RNA–RNA and RNA–protein cross-
links.

Typical experimental results of the primer extension ana-
lysis of the RNA–protein UV-crosslinking are shown in
Figure 1; the results are summarized in Figure 2, A and B.
While all 11 RNase P/MRP protein components were ana-
lyzed, no RNA–protein crosslinks have been identified for
proteins Pop3, Pop6, Pop8, Rpp1, Rpr2, Rmp1, or Snm1. It
should be noted that the presence of a close contact be-
tween RNA and a protein by itself does not guarantee that
a detectable crosslink (that typically requires specific amino
acids) (Urlaub et al. 2008) can be formed as it has been
observed previously (e.g., in the spliceosome) (Urlaub et al.
2008).

DISCUSSION

Interactions between proteins and RNA in yeast
RNases P/MRP

While RNA-based RNases P from all domains of life have a
well-conserved RNA core (Chen and Pace 1997), the evo-
lution of RNase P was accompanied by a dramatic, and not
yet understood, change in the size and composition of the
protein part: instead of the single small protein found in
bacterial RNase P, eukaryotic RNase P has multiple pro-
teins that constitute the bulk of the enzyme (Marvin and
Engelke 2009; Esakova and Krasilnikov 2010). To better
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understand the roles of the proteins in eukaryotic RNase P
and the closely related RNase MRP, we used UV-crosslinking
to analyze RNA–protein interactions in the holoenzymes
isolated from S. cerevisiae; the results are presented in Figure
2, A and B.

Pop1 is the largest (100 kDa) protein
component found in both RNase P and
RNase MRP (Lygerou et al. 1994, 1996b).
In humans, certain mutations in Pop1,
similar to mutations in the RNA com-
ponent of RNase MRP (Ridanpää et al.
2001), result in multisystemic disorders
(Glazov et al. 2011). Pop1 appears to
play multiple roles in the assembly and
function of RNases P and MRP (Ziehler
et al. 2001; Xiao et al. 2006).

Our results indicate that Pop1 inter-
acts directly with the RNA component
of both RNase P and RNase MRP, with
the identified binding site located in the
immediate vicinity of the active site (Fig.
2A,B). At the same time, it is likely that
Pop1, being a large protein, may in-

teract with other parts of the RNA
component of RNases P/MRP as well.

Protein components Pop6 and Pop7
(as well as their human homologs) were
shown to form a heterodimer that binds
directly to the in vitro–transcribed P3
RNA subdomain of both RNase P and
RNase MRP (Pluk et al. 1999; Welting
et al. 2004, 2007; Perederina et al. 2007;
Hands-Taylor et al. 2010), and the crystal
structure of a complex of the Pop6/Pop7
heterodimer with the P3 RNA subdomain
has been reported (Perederina et al.
2010b). Our results obtained for the ac-
tive holoenzymes (Fig. 2A,B) confirm
the relevance of the results produced
by partial reconstitution with in vitro–
transcribed RNA components; the loca-
tions of UV-induced crosslinks between
Pop7 and the P3 RNA subdomain are
consistent with the recently published
crystal structure of the reconstituted
Pop6/Pop7-P3 RNA subdomain complex
(Perederina et al. 2010b).

However, we did not identify cross-
links between Pop6, the other member
of the Pop6/Pop7 heterodimer, and RNA,
even though interactions between Pop6
and the P3 RNA (albeit less extensive
than those for Pop7) were observed in
the crystal structure (Perederina et al.
2010b) and were consistent with in

vitro reconstitution experiments (Hands-Taylor et al.
2010). Apparently, this discrepancy reflects the fact that
the presence of an RNA–protein contact does not guarantee
that a UV-induced crosslink will form. Indeed, one of the

FIGURE 1. Typical results of the primer extension analysis of RNase P/MRP RNA crosslinked
to specific proteins. (A) RNase MRP RNA crosslinked to Pop1; (B) RNase P RNA crosslinked
to Pop7; (C) RNase MRP RNA crosslinked to Pop7; (D) RNase P RNA crosslinked to Pop4.
(Lanes 1,2,12,13,23–26,37,47,48) Sequencing markers; (lanes 3,14,27,38) primer extension
reactions for deproteinated RNAs (controls); (lanes 11,22,35,46) primer extension reactions for
UV-treated (1280 mJ/cm2) deproteinated RNAs (controls); (lanes 4–10,15–21,28–34,39–45)
primer extension reactions for UV-crosslinked RNAs, the UV dose increasing from 0 to 640
mJ/cm2. The arrows and boxed regions indicate the locations of the RNA–protein crosslinks.

FIGURE 2. Secondary structure diagrams of the RNA components of (A) yeast RNase MRP;
(B) yeast RNase P; and (C) bacterial (Thermotoga maritima) RNase P. (Arrows) The identified
sites of RNA–protein crosslinking in eukaryotic RNases P/MRP. (Gray lines) Tertiary
interactions in the bacterial RNase P. The diagrams are based on Esakova and Krasilnikov
(2010).
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two cross-links between Pop7 and the P3 RNA subdomain
of RNase P (Fig. 2B) is not observed in RNase MRP (Fig.
2A) even though the P3 RNA subdomains of the two en-
zymes are sufficiently similar to be interchangeable (Lindahl
et al. 2000; Perederina et al. 2010b).

Pop7 also forms a crosslink to the P15 stem of the RNA
component of RNase P (Fig. 2B). Footprinting studies of
yeast RNase P holoenzyme (Esakova et al. 2008) show that
while most of the P15 stem of RNase P is not affected by
the binding of proteins, a 2-nt-long area is protected from
modifying agents in the presence of RNase P proteins. The
location of the protected area coincides with the identified
crosslinking site of Pop7. Considering the relatively small
size of the protected area (Esakova et al. 2008), it is unlikely
that any proteins other than Pop7 are involved in inter-
actions with the distal part of the P15 stem in RNase P.

While the putative catalytic domain of RNase MRP
(Domain 1) (Fig. 1A) is expected to be structurally similar
to the catalytic (C-) domain of RNase P (Fig. 2B; Esakova
et al. 2008; Esakova and Krasilnikov 2010), the P15 stem of
RNase MRP is shorter than its counterpart in RNase P and
does not reach the position of the crosslink with Pop7 in
the latter. Accordingly, no P15–Pop7 crosslinks are ob-
served in RNase MRP (Fig. 2A).

Protein component Pop5 formed a crosslink with the
RNA component of RNase MRP in the immediate vicinity
of the catalytic site, consistent with the results of the
footprinting studies performed for a partially reconstituted
RNase MRP (Perederina et al. 2011). We did not observe
a corresponding crosslink in RNase P (Fig. 2B). Consider-
ing the similarity between the two enzymes, it is unlikely
that the absence of the Pop5 crosslink in RNase P reflects
a significant difference between the C-domain of RNase P
and Domain 1 of RNase MRP, but rather is the result of
a relatively small conformational variation that prevented
the crosslink from forming in RNase P.

A human homolog of Pop4 (Rpp29) appeared to interact
directly with the RNA component of human RNase P
(Jiang et al. 2001; Reiner et al. 2011). Yeast three-hybrid
studies and pull-down experiments suggested interactions
between Pop4 and S. cerevisiae RNase P as well (Chu et al.
1997; Houser-Scott et al. 2002). Our results show that Pop4
interacts with the central part of the specificity (S-) domain
of the RNA component of the RNase P holoenzyme (Fig.
2B). It should be noted that while we observed Pop4
crosslinks in two distinct parts of the RNA (a group of
two crosslinks at the bulge of the P9 stem and the isolated
third crosslink near the base of the P9 stem) (Fig. 2B), all
three crosslinks are likely to be grouped together in three-
dimensional (3D) space (because the isolated crosslink is
located on the opposite RNA strand and about half of a
helical turn from the other two crosslinks).

Footprinting results obtained for archaeal RNase P (Xu
et al. 2009) indicate that a binary complex formed by the
archaeal homolog of Pop4 (Rpp29) and the archaeal ho-

molog of Rpr2 (Rpp21) interacts with the S-domain of
RNase P RNA. The RNA region protected in the presence
of Rpp29/Rpp21 (aPop4/aRpr2) (Xu et al. 2009) includes
the region roughly corresponding to the location of the Pop4
crosslink in yeast RNase P RNA. Thus the location of the
Pop4 crosslink is consistent with at least some degree of sim-
ilarity in the overall location of Pop4 in yeast RNase P and
that of its homolog in archaeal RNase P.

The results of three-hybrid studies and pull-down exper-
iments (Chu et al. 1997; Houser-Scott et al. 2002; Welting
et al. 2004; Aspinall et al. 2007) suggest that Pop4 is involved
in interactions with the RNA component of RNase MRP.
Our crosslinking data indicate that Pop4 binds to the ymP5
stem of the RNA components of RNase MRP (Fig. 2A), a
structural element that does not have a clear parallel in RNase
P, although the presence of a small bulge in the immediate
vicinity of the Pop4 binding sites of both RNase P and
RNase MRP (Fig. 2A,B) could potentially indicate a certain
commonality in the mode of interactions between Pop4 and
RNA in the two holoenzymes.

Truncations of the ymP5 stem that remove the nucleotide
forming the crosslink to Pop4 are lethal (Shadel et al. 2000; Li
et al. 2004), whereas truncations leaving the crosslinking site
intact result in either a conditional phenotype (when the ymP5
stem is truncated in the immediate vicinity of the crosslinking
site) or no noticeable growth defects (when only three terminal
ymP5 base pairs are truncated) (Li et al. 2004). The results of
footprinting studies (Esakova et al. 2008) are also consistent
with Pop4 interacting with the central part of ymP5.

The second crosslinking site of Pop4 is located at the
border of the RNA Domain 1 and Domain 2 (Fig. 2A), sug-
gesting that Pop4 could potentially be involved in the struc-
tural stabilization of the mutual orientations of the two
RNA domains in RNase MRP. It is interesting to note that
Pop4 overexpression or a F207S mutation partially sup-
presses the effects of simultaneous truncation of multiple
RNase MRP stems, perhaps by helping to stabilize RNase
MRP structure (Li et al. 2004).

A G122A mutation in the RNA component of yeast RNase
MRP affects the function of the enzyme, but the resulting
yeast phenotype can be suppressed by the overexpression of
protein component Snm1 (Schmitt and Clayton 1994) or mu-
tations in protein component Pop4 (Chu et al. 1997). The
Pop4–ymP5 stem crosslink in the RNase MRP holoenzyme
is located in the immediate vicinity of G122, indicating that
Pop4 binds in this region. However, even though we did
not observe Snm1–RNA crosslinks, simultaneous Snm1 bind-
ing to this part of the RNA cannot be excluded.

3D mapping of RNA–protein interactions
in yeast RNase P

In spite of significant differences in the peripheral struc-
tural elements, eukaryotic and bacterial RNases P share the
core elements (Chen and Pace 1997): conserved elements
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CR-I, CR-IV, and CR-V (Fig. 2B), which form the catalytic
center of the enzymes; and conserved elements CR-II and
CR-III, which are responsible for the recognition of the
T-loop and D-loop in the tRNA (Krasilnikov et al. 2004;
Torres-Larios et al. 2006; Reiter et al. 2010).

Considering the similarity of the major substrates of the
bacterial and eukaryotic RNases P (tRNA), one can expect
that while the peripheral elements differ, the overall mutual
orientation of the well-conserved catalytic core (comprising
CR-I, CR-IV, and CR-V) and the T-/D-loop recognizing
element (CR-II/ CR-III) is very similar in the bacterial and
eukaryotic RNases P because this expected similarity is dic-
tated by the similarities in the juxtapositions of the T-/D-
loops and RNase P cleavage sites in corresponding tRNAs.
Accordingly, in the absence of an available high-resolution
structure of eukaryotic RNase P, the locations and struc-
tures of the conserved core elements in bacterial RNase P
can serve as a first approximation for the locations of the
corresponding elements in eukaryotic enzymes. The result-
ing outline of the core elements of the RNA component is
similar to that in the recently proposed model of the RNA
component of archaeal RNase P (Zwieb et al. 2011).

To better understand the positions of the identified
crosslinks in three dimensions, we have mapped them onto
the structure of the corresponding elements in bacterial
RNase P (Reiter et al. 2010), keeping in the RNA model only
the major core elements that are conserved throughout the
three domains of life; the result is shown in Figure 3.

Most of the identified protein-binding sites are posi-
tioned near the central part of the complex, consistent with
the results of footprinting studies (Tranguch et al. 1994;
Esakova et al. 2008) showing that auxiliary elements in the
RNA component are largely unaffected by interactions with
RNase P proteins.

The 3D structure of the RNA component of bacterial
RNase P is stabilized by a network of tertiary RNA–RNA
interactions involving mostly auxiliary parts of the RNA
(Kazantsev et al. 2005; Torres-Larios et al. 2005; Reiter et al.
2010). However, most of the RNA elements involved in the
stabilization of the structure are not found in eukaryotic
RNase P, suggesting that one of the roles of the dramat-
ically enlarged protein part of eukaryotic RNase P is to re-
place the missing RNA elements and stabilize the structure
of the catalytic RNA (for review, see Esakova and Krasilnikov
2010). The results of mapping RNA–protein interactions
(Fig. 3) support this idea because proteins Pop6/Pop7, Pop1,
and Pop4 are positioned to be able to mediate tertiary
interactions.

The protein components Pop6 and Pop7, acting as
a heterodimer, bind to the P3 loop region of the P3 RNA
subdomain of yeast RNase P (Perederina et al. 2007, 2010b).
In addition to the P3 subdomain, Pop7 interacts with the
P15 stem of RNase P RNA (Fig. 2B). The elements involved
in the tertiary RNA–RNA interactions that stabilize the po-
sition of the P15 stem in bacterial RNase P are absent in
yeast RNase P. As crosslinking data demonstrate (Fig. 3), it is
the protein component Pop7 that mediates the tertiary inter-
action between the core and the P15 stem in yeast RNase P.

The protein component Pop1 crosslinks to RNase P RNA
in the immediate vicinity of the catalytic site (Figs. 2A,B, 3).
Its possible participation in the folding of the RNA-based
catalytic site and/or the coordination of metal ions essential
for activity warrants further investigation.

The results of yeast three-hybrid studies (Ziehler et al.
2001; Houser-Scott et al. 2002) suggested interactions
between Pop1 and RNase P RNA in S. cerevisiae, although
it was not clear if this interaction was direct or mediated by
other proteins. Mutations in the P3 subdomain of RNase P
RNA affected Pop1 binding (Ziehler et al. 2001). At the
same time, crosslinking, pull-down, and immunoprecipi-
tation studies involving in vitro transcribed RNase MRP
RNA in HeLa cell extract (Pluk et al. 1999) suggested that
Pop1 interacted with the closely related RNase MRP RNA
indirectly, through interactions with other proteins, possi-
bly homologs of Pop6/Pop7.

Our results indicate that Pop1 forms a crosslink in the
immediate vicinity of the P3 RNA subdomain and the Pop6/
Pop7 heterodimer (Fig. 3). An interaction between Pop1 and
Pop6/Pop7 can explain how mutations in the phylogeneti-
cally conserved part of the P3 RNA subdomain loop can
affect Pop1 binding (Ziehler et al. 2001), even while the
structural data indicate that the mutated nucleotides are in-
volved in interactions with Pop7 (Perederina et al. 2010b).

FIGURE 3. UV-induced RNA–protein crosslinks mapped onto the
outline of the RNA component of RNase P. The outline is based on
the crystal structure of bacterial RNase P (Reiter et al. 2010). (Gray)
RNase P RNA; (light gray) tRNA product; only the RNA elements that
are universally conserved from bacteria to eukaryotes are shown.
(Solid spheres) The locations of the identified crosslinking sites for
individual proteins. (Red) The location of the Pop1 crosslink; (green)
the location of the Pop4 crosslink; (brown) the location of the Pop5
crosslink (carried over from RNase MRP); (magenta) the locations of
the Pop7 crosslinks. Corresponding approximate locations of proteins
are shown as semitransparent in matching colors. The structures of
Pop6 and Pop7 are modeled according to Perederina et al. (2010b);
Pop5 and Rpp1 are modeled according to Perederina et al. (2011).
RNA structural elements are marked according to the nomenclature
used in Figure 2B.

Khanova et al.

724 RNA, Vol. 18, No. 4



The existence of direct Pop1–P3 RNA interactions also
cannot be excluded. In any case, the proximity of the iden-
tified Pop1-binding site to the P3 RNA subdomain sup-
ports the suggested role of the P3 RNA subdomain in the
assembly and structural stabilization of eukaryotic RNases
P/MRP (Ziehler et al. 2001; Perederina and Krasilnikov
2010; Perederina et al. 2010b).

Based on our crosslinking results, Pop4 occupies a central
position in yeast RNase P (Fig. 3). It was previously sug-
gested (Chen et al. 2011) that in archaeal RNase P, the
protein component Rpp29 (a homolog of yeast Pop4) ac-
ting in a pair with the protein component Rpp21 (a ho-
molog of yeast Rpr2) (Tsai et al. 2006; Xu et al. 2009;
Sinapah et al. 2011) serves to enable long-distance inter-
actions between the catalytic (C-) and the specificity (S-)
domains of the RNA component of RNase P. Mapping of
the crosslinking sites of Pop4 into the expected outline of
the RNA component of yeast RNase P (Fig. 3) demon-
strates that the localization of Pop4 is consistent with the
protein’s role in the stabilization of the mutual orientation
of the C-domain and S-domain of yeast RNase P RNA.

Indeed, our crosslinking results position Pop4 in the
immediate vicinity of the P1 stem of the catalytic domain
of the RNase P RNA (Fig. 3). Although we did not observe
crosslinks between Pop4 and the P1 stem (it should be
noted that a large part of the P1 stem was not accessible to
the analysis that involved primer extension), the proximity
of the identified Pop4-binding site and the P1 stem sup-
ports the existence of Pop4–P1 stem interactions. The foot-
printing results obtained for the in vitro–transcribed hu-
man RNase P RNA in a complex with the human Pop4
homolog (Reiner et al. 2011) also position Pop4 so that it
can bridge the two RNA domains, although the location of
the protected area differs from that of the crosslinks ob-
served in the yeast holoenzyme.

In addition to serving structural roles, the large protein
part of eukaryotic RNase P was suggested to serve to widen
the spectrum of recognized substrates (Coughlin et al. 2008;
Marvin and Engelke 2009; Marvin et al. 2011a). Based on
our data (Fig. 3) several RNase P proteins are positioned to
interact with substrates: Pop1, Pop4, Pop5, and, potentially,
Rpp1, consistent with recent results of enzyme–substrate
crosslinking studies (Marvin et al. 2011b).

MATERIALS AND METHODS

S. cerevisiae strains

Yeast strains EK-Pop1NHis, EK-Pop3, EK-Pop5, EK-Pop6, EK-
Pop7, EK-Pop8, EK-Rpp1, EK-Rpr2, EK-Rmp1, and EK-Snm1 were
based on yeast strain YSW1 (Salinas et al. 2005), a generous gift from
Mark Schmitt, which contained a TAP tag (Rigaut et al. 1999)
attached to the carboxyl terminus of the RNase P/MRP protein
Pop4. In EK-Pop3, EK-Pop5, EK-Pop6, EK-Pop7, EK-Pop8, EK-
Rpp1, EK-Rpr2, EK-Rmp1, and EK-Snm1, His6 tags were fused to

the carboxyl termini of corresponding proteins using standard PCR-
based methods and kanMX4 as the selectable marker. In EK-
Pop1NHis, the promoter region of the genomic Pop1 was replaced
with the ADH promoter followed by a fused amino-terminal
His6 tag, because carboxy-terminal Pop1 tags were not tolerated
(Lygerou et al. 1994); kanMX4 was used as the selectable marker.
Yeast strain EK-Pop4 was based on yeast strain LSY389-34A
(Salinas et al. 2005), a generous gift from Mark Schmitt; a His8 tag
followed by the standard TAP tag (Rigaut et al. 1999) was fused
to the carboxyl terminus of the genomic Pop4 using PCR-based
methods and TRP1 as the selectable marker. Sequences of
modified regions in all yeast strains were verified by sequencing.
The insertion of the tags did not have any noticeable effect on
yeast viability.

Isolation of RNase P/RNase MRP holoenzymes

Active RNase P and RNase MRP were isolated from yeast strains
EK-Pop1NHis, EK-Pop3, EK-Pop4, EK-Pop5, EK-Pop6, EK-Pop7,
EK-Pop8, EK-Rpp1, EK-Rpr2, EK-Rmp1, and EK-Snm1 as an z1:1
RNase P/ RNase MRP mixture using the TAP tag attached to the
carboxyl terminus of RNase P/MRP protein component Pop4 as
a purification handle and following a previously described pro-
cedure (Salinas et al. 2005; Esakova et al. 2008). The addition of the
fused His6/His8 tags did not require any modifications of the iso-
lation procedure.

UV crosslinking analysis of RNA–protein
interactions in RNase P and RNase MRP

To analyze the binding of each of the 11 individual proteins found
in RNases P and MRP (Pop1, Pop3, Pop4, Pop5, Pop6, Pop7,
Pop8, Rpp1, Rpr2, Snm1, and Rmp1), UV crosslinking and the
subsequent analysis were performed for each of the 11 generated

yeast strains carrying His-tags fused to the individual proteins of

interest (EK-Pop1NHis, EK-Pop3, EK-Pop4, EK-Pop5, EK-Pop6,

EK-Pop7, EK-Pop8, EK-Rpp1, EK-Rpr2, EK- EK-Snm1, and EK-

Rmp1, respectively). The crosslinking analysis procedure was sim-

ilar to the one previously described in Perederina et al. (2011).
RNase P/RNase MRP holoenzymes were isolated from yeast as

an z1:1 mixture (above), diluted to z0.5 mM of each in a buffer

containing 20 mM Tris-HCl (pH 7.8), 150 mM NaCl, 2.5 mM

MgCl2, 0.05 mM EDTA, 5% (v/v) glycerol, and subjected to UV

(254 nm) irradiation in a UV SpectroLinker XL-1500 crosslinker

(Spectronics). The irradiation dose varied from 40 to 640 mJ/cm2;

the samples (15-mL drops on glass plates) were kept on ice during

irradiation. After UV irradiation, 20 mL of a denaturing buffer

containing 4% SDS, 100 mM Tris-HCl (pH 7.8), 20% (v/v)

glycerol, 50 mM DTT were added, and the samples were incubated

for 10 min at 60°C. To facilitate the complete disassembly of RNA–

protein complexes, after the initial round of incubation, additional

30 mM DTT was added to the samples, and incubation was con-

tinued for another 10 min; then the cycle of 30 mM DTT addition

and 10 min of incubation at 60°C was repeated three more times.

The samples containing disassembled RNases P/MRP were trans-

ferred in 1 mL of a binding buffer containing 8 M urea, 15 mM

Tris-HCl (pH 7.8), 500 mM NaCl, 10 mM Na-imidazole (pH 7.4),

1% (v/v) Tween 20, and incubated with 50 mL of Ni-IDA resin

(Macherey-Nagel) for 2 h at room temperature with intensive

RNA–protein interactions in RNases P/MRP
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agitation. After incubation, the resin was washed five times with

1 mL of the binding buffer (above). Bound proteins were eluted

three times with 100 mL of a buffer containing 4 M urea, 15 mM

Tris-HCl (pH 7.8), 250 mM NaCl, 300 mM Na-imidazole (pH

7.4), and 0.5% (v/v) Tween 20; an aliquot was taken to analyze the

quality of protein isolation using silver-stained SDS-polyacryl-

amide gels (Fig. 4); the rest of the sample was treated with 300 mg

of Proteinase K for 20 min at 37°C. Crosslinked RNA that was

pulled down by the specific His-tagged protein was extracted with

phenol, precipitated with ethanol, and dissolved in a buffer

containing 5 mM Tris-HCl (pH 8.0), 10 mM KCl, and 0.1 mM

EDTA.
Locations of the crosslinks on the RNase P and RNase MRP

RNAs were identified using primer extension with SuperScript II

(Invitrogen) reverse transcriptase following a protocol described in

Esakova et al. (2008). To ensure a reliable and redundant coverage

of RNA, the following primers were used for analysis: For RNase P:

PRTP1B (complementary to nucleotides 343–369); PRTP11 (329–

366); PRTP15 (284–315); PRTP2A (260–290); PRTP23 (227–268);

PRTP25A (200–230); PRTP27 (167–208); PRTP3 (112–138);

PRTP4 (95–130). For RNase MRP: RTP1AL (complementary to nu-

cleotides 324–340); RTP15A (243–276); RTP2A (213–248); RTP21

(203–242); RTP25 (168–201); RTP3B (133–174); RTP4 (91–126).

This set of primers allowed for reliable coverage of the entire length

of RNase P and MRP RNAs except for the last 30/25 nucleotides at

the 39 ends of RNase P/MRP, respectively.
RNA that was phenol-extracted from isolated holoenzymes and

subjected to UV irradiation at a dose twice the maximum dose

given to the test samples (640 mJ/cm2) was used as a control for

RNA–RNA crosslinks; the same phenol-extracted RNA, but not

subjected to UV irradiation, was used as a control for the reverse

transcriptase stops not related to crosslinking.
DNA sequencing reactions obtained using plasmids pYRP (for

RNase P) and p31/51 (for RNase MRP) (Perederina et al. 2007)
and corresponding primers were used as ladders. 32P-labeled prod-
ucts of primer extension were resolved on 5% denaturing poly-

acrylamide gels and analyzed using a Phos-
phorImager (Molecular Dynamics).
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